Neural crest mesenchyme (NCM) controls species-specific pattern in the craniofacial skeleton but how this cell population accomplishes such a complex task remains unclear. To elucidate mechanisms through which NCM directs skeletal development and evolution, we made chimeras from quail and duck embryos, which differ markedly in their craniofacial morphology and maturation rates. We show that quail NCM, when transplanted into duck, maintains its faster timetable for development and autonomously executes molecular and cellular programs for the induction, differentiation, and mineralization of bone, including premature expression of osteogenic genes such as Runx2 and Col1a1. In contrast, the duck host systemic environment appears to be relatively permissive and supports osteogenesis independently by providing circulating minerals and a vascular network. Further experiments reveal that NCM establishes the timing of osteogenesis by regulating cell cycle progression in a stage-and speciesspecific manner. Altering the time-course of D-type cyclin expression mimics chimeras by accelerating expression of Runx2 and Col1a1. We also discover higher endogenous expression of Runx2 in quail coincident with their smaller craniofacial skeletons, and by prematurely over-expressing Runx2 in chick embryos we reduce the overall size of the craniofacial skeleton. Thus, our work suggests that NCM establishes species-specific size in the craniofacial skeleton by controlling cell cycle, Runx2 expression, and the timing of key events during osteogenesis.
INTRODUCTION
The avian craniofacial skeleton exemplifies one of the most highly diversified and adapted anatomical structures across vertebrates. Its size and shape can change rapidly and its overall structure can reflect ecological and functional demands with remarkable precision, as famously represented by the beaks of Darwin's finches.
Understanding how the craniofacial skeleton becomes modified through evolution requires insights on where and when species-specific changes to the osteogenic program arise during development. To this end, we employ a unique avian chimeric transplantation system that takes advantage of the divergent maturation rates and distinct species-specific beak anatomies of quail and duck. We experimentally manipulate neural crest mesenchyme (NCM), an embryonic cell population that migrates out of the midbrain and rostral hindbrain and forms all of the bones in the beak skeleton. Previously, we have shown that NCM, when transplanted between quail and duck autonomously controls the species-specific patterning of the face, and produces short quail-like beaks on duck hosts ("quck") and long duck-like bills on quail hosts ("duail") (Jheon and Schneider, 2009; Lwigale and Schneider, 2008; Schneider, 2005 Schneider, , 2007 Schneider and Helms, 2003) . Further investigations have uncovered mechanisms through which NCM exerts its species-specific effects on the cartilaginous skeleton , the epidermis (Eames and Schneider, 2005) , the jaw musculature and adjacent connective tissues (Solem et al., 2011; Tokita and Schneider, 2009) , and the overlying epithelium during intramembranous ossification (Merrill et al., 2008) , but little is known about mechanisms through which NCM directs species-specific formation of the bony skeleton.
Osteogenesis is a complex process involving numerous genes, cells, tissues, signaling interactions, and hierarchical levels of control. Here, we report that NCM exerts intrinsic control over the timing of key osteogenic events, including expression of the osteogenic transcription factor Runx2. We further confirm that NCM plays a dominant and species-specific role during osteogenesis by performing quail-emu transplants where the alteration of events is even more dramatic and extreme. We propose that this programmatic integration on the molecular, cellular, and histological levels serves as a mechanism that enables NCM to transmit species-specific size to bones in the craniofacial skeleton.
To identify mechanisms through which NCM exerts its effects on osteogenesis we focus on regulation of the cell cycle. Many in vitro studies have shown that osteoblast differentiation is tied to cell cycle exit (Drissi et al., 1999; Galindo et al., 2005; Pratap et al., 2003; Thomas et al., 2004; Young et al., 2007 ). Here we demonstrate that NCM controls cell cycle progression in vivo. We analyze expression of cyclins and cyclin-dependent kinase inhibitors (CKIs) such as p27 (Cdkn1b), cyclin E (Ccne1), cyclin B1 (Ccnb1), and cyclin D1 (Ccnd1) in quail, duck, and quck chimeras, and find both stage-specific and species-specific regulation. Then, by experimentally altering the time-course during which D-type cyclins are expressed prior to osteogenesis, we are able to phenocopy the quck chimera in so far as accelerating the onset of Runx2 and Col1a1 expression. Lastly, we identify differences between quail and duck in their endogenous levels of Runx2 expression, and show that by over-expressing Runx2 prematurely, we are able to reduce the size of the craniofacial skeleton. Taken together, these data reveal that NCM dictates when bone forms by controlling the timing of cell 4 cycle progression and mediating the transition from cell proliferation to differentiation.
Moreover, our data show that in vivo mechanisms regulating the cell cycle can directly affect Runx2 expression, and this expression not only varies between species, but also ultimately influences the size of bone. Thus, this work offers a developmental mechanism through which NCM can direct the evolution of the craniofacial skeleton.
MATERIALS AND METHODS

Generation of chimeras
Eggs from Japanese quail (Coturnix coturnix japonica), white Pekin duck (Anas platyrhynchos) (AA Labs, Westminster, CA), and Australian emu (Dromaius novaehollandiae) were incubated at 37°C until reaching HH9.5 ( Figure 1B ). Embryos were handled following University and NIH guidelines. Tungsten needles and Spemann pipettes were used for operations (Schneider, 1999) . Unilateral and bilateral grafts of rostral hindbrain and midbrain neural crest were excised from quail donors and transplanted into either stage-matched duck hosts, producing chimeric 'quck' (Schneider and Helms, 2003) or emu, producing chimeric "qumu." Equivalent transplants were also made from duck to quail ('duail'). Donor tissue was inserted into a host that had comparable regions of tissue removed ( Figure 1C ). Control orthotopic grafts and sham operations were made within each species. Controls were incubated alongside chimeras to ensure that stages of grafted cells were accurately assessed. In addition, unilateral transplants provided an internal control on the un-operated host side.
Histology and immunohistochemistry
Tissues were collected in Serra's fixative overnight at 4°C, dehydrated, paraffin embedded, and cut into 7 µm frontal sections. Section were stained with Milligan's Trichrome (Presnell and Schreibman, 1997) or immunostained with the Q¢PN (quailspecific) antibody (Developmental Studies Hybridoma Bank, University of Iowa) as described (Schneider, 1999) .
Whole-mount embryo staining
For skeletal analyses, embryos were fixed in 4% paraformaldehyde (PFA) overnight, stained with Alcian blue and/or Alizarin red, and cleared in glycerol as described (Wassersug, 1976) . For analyses of alkaline phosphatase activity, embryos were fixed in 4% PFA for 20 min at 4°C, and stained using 4-nitro blue tetrazolium chloride (NBT; Roche) and 5-bromo-4-chloro-3-indolyl-phosphate (BCIP; Roche) as described (Liu et al., 1999) 
Gene expression analysis
In situ hybridization analyses were performed as described (Albrecht et al., 1997) .
Briefly, sections were hybridized overnight with 35 S-labeled chick riboprobes generated from plasmids containing chicken collagen type Iα (Col1a1), Runx2, tissue non-specific alkaline phosphatase (Tnap), bone sialoprotein (Bsp), osteopontin (Opn), vascular endothelial growth factor (Vegf), fetal Liver Kinase 1 (Flk1), and RSV viral envelope (Env). Reverse transcription quantitative real-time PCR (RT-qPCR) analyses were performed on total RNA (isolated from embryonic mandibles of quail, duck, and bilaterally transplanted quck (RNeasy, Qiagen). cDNA was generated using the iScript cDNA synthesis kit (BioRad) and RT-qPCR was performed in triplicates using the iScript SYBR Green RT-PCR kit (Biorad) on an iQ5 cycler (Biorad). Primers were generated using NCBI Primer-BLAST software for the following chicken genes: Col1a1 (Forward 5'-CCCGACCCTAAGACAAAGAG -3'; Reverse 5'-GCTACTTACTGTCCTCTTCTCC -3'), Runx2 (Forward 5' -TGGACCTTTCCAGACCAGCAGCA -3'; Reverse 5' -GGCAAGTTTGGGTTTAGCAGCGT -3'), p27 (Forward 5'-TTCGGCCTACACAGTGAGTG -3'; Reverse 5'-CGATTTCTTGGGTGTTTGCT -3'), avian cyclin D1 (Forward 5' -CTTGGATGCTGGAGGTCTGC -3'; Reverse 5' -CTGCGGTCAGAGGAATCGTT -3'), mouse cyclin D1 (Forward 5' -TGAGGAGCAGAAGTGCGAAG-3'; Reverse 5' -AGATGCACAACTTCTCGGCA-3'), and eGFP (Forward 5′ -GCAGAAGAACGGCATCAAGGT -3′; Reverse 5′ -ACGAACTCCAGCAGGACCATG -3′). Gene expression was normalized to the expression of the RPL19 (Forward 5'-ACGCCAACTCGCGTCAGCAG -3'; Reverse 5'-ATATGCCTGCCCTTCCGGCG -3'), and fold changes were calculated using the deltadelta C(t) method (Livak and Schmittgen, 2001 ).
Proliferation analysis
One µL of BrdU (Invitrogen, Carlsbad, CA) was injected into an intravitelline vein and chimeric and control embryos were incubated for 20 min at 37°C (Schneider et al., 2001 ). Embryos were fixed in Serra's solution, sectioned, and stained using a BrdU staining kit (Invitrogen). Chimeric quck embryos were screened (using Q¢PN) for those cases that had a large majority of quail donor-derived NCM on one side of the mandible and no contamination from the donor on the contralateral host side. Sections adjacent to these screened cases were used to quantify BrdU-positive cells using ImageJ software (NIH). The rectangular selection tool was used to define equal areas on donor and host sides of quck through a depth of 0.5 -0.9 mm (average volume of 0.06 -0.1 mm 3 ). Relative levels of BrdU-positive cells were compared between the donor and host sides in quck (n = 9).
Flow cytometry
Dissociated NCM from mandibular primordia of quail, duck, and bilaterally transplanted quck were fixed in 70% ethanol and stained with 1 mg/mL propidium iodide (Invitrogen), 2 µg RNAse (Roche), and 0.1% Triton X-100 for 15 min at 37°C. Flow cytometry was performed using a Cytomation MoFlo High Speed Sorter to detect propidium iodide and cell cycle phases were estimated using the Watson model analyses in the FlowJo software (Ver. 7.2.2).
Serum calcium and phosphorus levels
Blood (20-100 µL) was collected from duck and quck embryos via a glass needle inserted into the vitelline vein. Blood serum was isolated by incubating for 1h at 37°C, followed by centrifugation (700 x g, 10 min). Calcium and phosphorus levels in 8 collected or commercially available control serum (DC-Trol, Diagnostic Chemicals Ltd., Charlottetown, PEI) were measured in a Spectra Max M5 multi-well plate reader (Molecular Devices, Sunnyvale, CA) using the Calcium and Phosphorus Assay kit following the manufacturer's protocol (Diagnostic Chemicals Ltd.).
Analyses of vascularization
Using glass needles (diameter 0.5 mm, Sutter Instruments Co.), 5 µL of FluoSphere carboxylate-modified microspheres (0.2u, 580/605; Invitrogen) or rhodamine-conjugated Lens culinaris agglutinin (Vector Laboratories, Inc.) were injected into the vitelline vein of quck chimeras using a PV830 Pneumatic Picopump (World Precision Instruments, Sarasota, FL). Fifteen minutes after injection, embryos were fixed in 4% PFA overnight.
For FluoSphere-injected embryos, mandibles were dissected, cleared in glycerin, and imaged using epifluorescence (Leica MZFLIII stereoscope). For quantification, relative fluorescent units (RFU) were measured on the donor versus host sides using a Spectra Max M5 multi-well plate reader. For lectin-injected embryos, embryos were incubated in 5-30% sucrose/PBS overnight, embedded in tissue freezing media (Triangle Biomedical Sciences, Durham, N.C.), and cryosectioned (20 µm). Sections were stained with Q ¢PN and Alexa Fluor 488 goat anti-mouse IgG (Invitrogen) secondary antibody, and Hoescht reagent. Quantification of blood vessels was performed as described above for quantifying BrdU-positive cells.
Western Blot
Mandibles from HH24-HH30 control embryos and HH27 chimeric embryos were syringe-lysed with a 22½G needle in 1X RIPA Buffer with cOmplete, Mini Protease Inhibitor Cocktail (Roche) and 0.5 mM phenylmethylsulfonyl fluoride (PMSF). Proteins were separated on 10% SDS-polyacrylamide gels, transferred onto nitrocellulose membranes at 300mA for 1.5 hours, blocked in 5% milk, and detected with the appropriate primary antibody. Primary antibodies used were against β-actin (Abcam ab8229), cyclin E (Santa Cruz M-20), cyclin B1 (Santa Cruz H-433), p27 (BD Biosciences BD610241), and cyclin D1/D2 (Santa Cruz, C-17). Appropriate secondary was applied prior to imaging. Secondary antibodies used were Alexa Fluor 488 goat anti-mouse (Invitrogen), goat anti-mouse IRDye 800CW (LICOR), and goat anti-rabbit IRDye 680LT (LICOR). Antibody-bound proteins were visualized using a LICOR Odyssey Infrared Imager, and quantifications were performed using LICOR Odyssey software.
Electroporation
In ovo electroporation was performed using a 1:1 solution of 2 µg/µl pCIG-cyclinD1-IRES-eGFP and pCIG-cyclinD2-IRES-eGFP constructs (a gift from F. Pituello, described in Lobjois, et al. 2004 Lobjois, et al. , 2008 . With the addition of Fast Green tracer dye, DNA solution was injected into HH8 quail neural tubes with pulled glass micropipettes and a Picospritzer fluid injector. Platinum electrodes were positioned on each side of the area pellucida, centered on the midbrain-hindbrain boundary, and a IntraCel TSS20 Ovodyne Electroporator was used to administer three square, 50-ms long, 10 volt pulses, with 50 ms spaces, to allow unilateral entry of the DNA into the neural crest mesenchyme, with the contralateral (un-electroporated) side serving as the control. Electroporation efficiency was evaluated at embryo collection by epiflourescent imaging of eGFP expression.
Retroviral Expression
The RCAS-Runx2 construct was a gift from S. Mundlos (Stricker et al., 2002) . RCAS virus was produced as described (Morgan and Fekete, 1996) . DF-1 cells were acquired from the American Type Culture Collection (Manassus, VA). Fast Green tracer dye and DNA solution was injected into HH8 neural tubes of virus-free SPAFAS chick (Charles River Labs) using pulled glass micropipettes and a Picospritzer fluid injector. Control SPAFAS chick embryos were injected with RCAS-GFP (Chen et al., 1999) .
Statistical methods
Unpaired Student's t-tests were used for comparisons of continuous variables between exactly two groups. Two-tailed p<0.05 was considered statistically significant, and p<0.01 was considered very statistically significant.
RESULTS
NCM establishes the timing of craniofacial mineralization
To understand the role that NCM plays during the formation of bone in the craniofacial skeleton we transplanted first arch (i.e., mandibular) neural crest cells from quail to duck, and produced chimeric quck. Quail and duck not only display speciesspecific differences in their beak size and shape ( Figure 1A ), but they also develop at highly divergent rates ( Figure 1B) . The unilateral transplantation of mid-and hindbrain neural crest cells from quail to duck ( Figure 1C ) leads to the formation of quail-derived beak components on one side of the embryo ( Figure 1E, F) , which are quail-like in their size and shape Schneider and Helms, 2003) . By design, the host side serves as an internal control and the distribution of quail cells can be followed using an antibody (Q¢PN) that binds to cells from the quail but not from the duck ( Figure 1D ).
To determine the extent to which NCM governs the timing of osteogenesis, we analyzed the onset and progression of mineralization in quail, duck, and quck by wholemount Alizarin red staining (Hanken and Wassersug, 1981; Wassersug, 1976) . The first evidence of any mineralization was observed in the distal tibia of quail and duck at HH33 (data not shown), but there was no Alizarin red staining anywhere in the head skeleton of quail or duck ( Figure 2A and data not shown), which is consistent with previous observations in chick and other avian species (Mitgutsch et al., 2011; Pechak et al., 1986) . The bones of the craniofacial skeleton of quail and duck showed their first signs of mineralization at HH34 (Fig 2C, D) . In quck however, the initiation of craniofacial mineralization on the quail donor side occurred three stages earlier at HH31 ( Figure 2B ), long before the onset of tibial mineralization at HH33. Moreover, the extent of mineralization on the quail donor side of quck at HH34 and HH36 ( Figure 2E , H) was like that of quail at HH37 and HH39 ( Figure 2F, I ), respectively. The host side of quck was always similar to that observed in the stage-matched duck control ( Figure 2D , G).
Conversely, in reciprocal transplants producing duail chimeras, the presence of duck donor-derived NCM (i.e., Q¢PN-negative cells; Figure 2J ) delayed craniofacial mineralization in quail hosts by three stages. Initially the duck donor side remained unmineralized while the faster-developing quail host side started to mineralize ( Figure 2K ).
In later-staged quail hosts, the duck donor side maintained its slower progression but eventually mineralized ( Figure 2L ). Thus, relative to the stage of the local environment, NCM can either speed up or slow down the timing of mineralization depending on its species-specific rate of development.
NCM regulates the expression of genes involved in mineralization
To determine if quail donor NCM accelerates mineralization by regulating genes known to play a role during mineralization, we performed in situ hybridization on tissues from quail, duck, and quck. We focused on the angular bone adjacent to the mandibular (i.e., Meckel's) cartilage, since this is one of the earliest elements to Figure 3C ) and equivalent to that observed in HH35 quail ( Figure 3H , L, P). Thus, NCM controls the timing of expression of genes that play a role in matrix mineralization.
Host blood mineral levels are not regulated by donor NCM
To assess whether the ability of chimeras to mineralize prematurely was due to donor-mediated effects on systemic (i.e., host) levels of circulating minerals required for mineralization, we measured serum calcium and phosphorus levels in duck and quck at time points ranging from HH28 to HH38 ( Figure 3Q ). Duck calcium levels were relatively constant between HH28 to HH38, whereas phosphorus levels increased significantly between HH28 and HH31 (p=0.0001), and decreased thereafter. Similar results were obtained in quck between HH28 and HH31 (p=0.01; Figure 3Q ) and thus, we observed no donor-specific effects on host blood mineral levels.
Neural crest mesenchyme controls the timing of osteoid deposition
To evaluate the ability of NCM to govern osteogenic events prior to mineralization, we compared the deposition of extracellular matrix (i.e., osteoid) in quail, duck, and quck beaks. Osteoid was present in the beaks of quail ( Figure 4D To test the capacity of NCM to direct osteogenesis even further and to understand how permissive the host environment might be, we created chimeras using another avian species with a much more divergent maturation rate and facial morphology, which is the Australian emu. Emu take around 50 days to hatch, versus 28 days in duck, and 17 days in quail. We transplanted quail NCM into emu and in resulting "qumu" we found that donor quail NCM was able to undergo osteogenesis at a vastly accelerated rate relative to the very slow-developing emu host. At HH27, when the internal control side of the emu mandibular arch was composed mainly of host mesenchyme just beginning to undergo cartilage matrix deposition and preosteogenic condensation, the quail donor side showed a fully developed mandibular cartilage and robust osteoid deposition, representing an acceleration of about seven HH stages ( Figure 4M , N), which is more than twice the difference observed in quck.
NCM controls the timing of osteoblast differentiation
To investigate the ability of NCM to regulate the timing of osteoblast differentiation, we assayed for the enzymatic activity of alkaline phosphatase (Ishii et al., 2003) in the beak primordia. Low levels of alkaline phosphatase activity were detected in HH26 duck ( Figure 5A ) and quail (data not shown), and much higher levels at HH29
( Figure 5C and data not shown). The quail donor side of HH26 quck showed high levels of alkaline phosphatase activity as determined by darker staining relative to the duck host side like that observed in HH29 quail ( Figure 5B ). We then analyzed the extent to which NCM modulates the expression of genes required for osteoblast differentiation by in situ hybridization and RT-qPCR. Expression levels for the osteogenic genes collagen type 1 (Col1a1) and Runx2 were substantially higher on the quail donor side in HH24 quck ( Figure 5D, F) . In situ hybridization data were supported by RT-qPCR data that showed a significant up-regulation of Col1a1 and Runx2 between HH24 and HH27 in both quail and duck, whereas this up-regulation was observed three stages earlier in quck between HH21 and HH24 ( Figure 5E , G).
Donor NCM does not affect the timing of host blood vessel formation
Given the ability of NCM to accelerate the timing of osteogenesis and the reliance of bone formation on the process of vascular invasion (Gerber et al., 1999; Thompson et al., 1989) , we also assessed if donor NCM might be prematurely recruiting a blood supply in the host. Specifically, we examined the extent of host blood vessel formation by labeling the vasculature of HH24 quck, which is an embryonic stage when small vessels are present in the mandibular arch (Noden, 1989 (Noden, , 1990 . We triplestained tissue sections with Lens Culinaris Agglutinin for blood vessels, Q¢PN for donor NCM, and Hoescht dye for all cells ( Figure 5H ) and then quantified total vasculature over a fixed volume ( Figure 5J) . Surprisingly, we observed no difference between quail donor and host sides in HH24 quck. In a separate series of experiments designed to measure vasculature in whole mandibles, we filled the host bloodstream with fluorescent microspheres ( Figure 5I ). Fluorescence as a measure of vessel volume was quantified, and again, no differences were detected in the amount of vasculature between quail donor and host sides in HH24 quck ( Figure 5K ). Lastly, in situ hybridization for two markers of developing vasculature, Vegf and its receptor, Flk1, was performed on sections from HH24 quck. Unlike what we had observed for osteogenic genes, we did not detect any differences in the timing or levels of expression for these angiogenic markers between quail donor and host sides (data not shown). Thus, NCM does not affect the timing or extent of blood vessel formation during early stages of osteogenesis, rather the angiogenic program appears to be executed independently by non-neural crest-derived tissues in the host environment.
NCM regulates cell cycle progression
After finding that NCM controls osteogenic differentiation and subsequent mineralization, we wanted to investigate if this ability arises due to NCM also mediating the critical transition from proliferation to differentiation that occurs during early stages of osteogenic induction. We used two approaches. First, the extent of cell division was measured by BrdU incorporation in those HH24 quck mandibles containing large numbers of quail donor NCM ( Figure 6A ). Anti-BrdU staining showed less BrdU incorporation on the quail donor side relative to the duck host side, suggesting a premature decrease in proliferation ( Figure 6B ). Quantitative measurements confirmed an approximately 40% reduction in the number of proliferating cells on quail donor side relative to duck host side in the same volume of mandible in quck (p=0.013) ( Figure   6C ). Second, we examined progression through the cell cycle from HH21 to HH27 in quail, duck, and quck via propidium iodide staining (to label all DNA), and subsequent flow cytometry (FACS). To ascertain the ability of NCM to control progression past the G1/S checkpoint, we quantified the percentage of cells in G1 phase, versus the percentage of those in S and G2/M phases. In quail and duck, there was a significant increase in G1-phase cells, along with the expected reciprocal decrease in S+G2/Mphase cells between HH24 and HH27 (p=0.049 (quail), p=0.003 (duck)), which spans the time when cells in the mandible transition from proliferation to differentiation. In quck, the increase in G1-phase cells occurred three stages earlier, between HH21 and HH24, as did the reciprocal decrease in S+G2/M-phase cells ( Figure 6D and data not shown; p=0.029). Thus, NCM controls the timing of the transition from proliferation to differentiation that enables osteogenesis to proceed.
NCM modulates levels of cell cycle regulators
Given that NCM establishes its own time course for exiting the cell cycle, we sought to identify mechanisms by which NCM could accomplish this task and therefore analyzed cyclin and cyclin-dependent kinase inhibitor (CKI) protein expression in the mandibular mesenchyme of quail, duck, and quck from HH24 to HH30. In particular, we examined p27 (Cdkn1b), which is a CKI that decreases proliferation in a range of cell types including differentiating osteoblasts; cyclin E (Ccne1), which is required for G1/S phase transition; and cyclin B1 (Ccnb1), which is required for G2/M phase transition (Coats et al., 1996; Drissi et al., 1999; Zavitz and Zipursky, 1997) .
From these analyses, we discovered stage-, species-, and/or tissue-specific patterns of gene and protein expression. Expression of p27 mRNA increased between HH21 and HH27 in both quail and duck ( Figure 6E ), yet p27 protein expression remained relatively constant in duck, and rose only marginally in quail from HH24 to HH30 ( Figure 6F, G) . We also observed that a single isoform of p27 protein predominated in the mandible at the time points studied, in contrast to the two isoforms detected in the frontonasal processes of chicken and duck at HH17 to HH31, as presented in a recent report (Powder et al., 2012) . cyclin E protein expression decreased in control duck (p=0.005, HH24 to HH27; p=0.007, HH27 to HH30).
However, at all stages studied in quail, we detected almost no intact cyclin E protein ( Figure 6G ), and instead we observed a large smear at a higher molecular weight like that resulting from post-translational modification of cyclin E that leads to its degradation (Doronkin et al., 2003) . Protein levels of cyclin B1 decreased from HH24-HH30 in control quail and duck ( Figure 6H ), although this decrease occurred earlier in quail (p=0.017, HH24 to HH27; p=0.038, HH27 to HH30) than in duck (no statistically significant decrease HH24 to HH27; p=0.030, HH27 to HH30).
In chimeric quck mandibles collected at HH27, gene expression as well as levels and patterns of protein expression were altered on the quail donor side relative to the duck host side, and resembled that found in control quail three stages later. We observed quail donor-mediated changes to p27 gene expression ( Figure 6E ), but as in control quail and duck ( Figure 6F ), we did not detect differences at the p27 protein level ( Figure 6J ). However, we did observe statistically significant differences in protein levels analyzed from the donor versus host side for cyclin E (p=0.0001) and cyclin B1 (p=0.041). Expression patterns for both proteins were more like that observed in HH30 quail than in duck ( Figure 6K, L) . In the case of cyclin E protein, we also observed a post-translational modification pattern on the donor side that was partly quail and partly duck ( Figure 6K ), likely as a consequence of samples containing tissues derived from both the donor (i.e., NCM) and the host (e.g., mandibular epithelium, myoblasts, and angioblasts/vascular endothelium). Thus, NCM likely regulates cell cycle through stageand species-specific expression of cyclins and CKIs.
Altering levels of D-type cyclins can accelerate markers of osteogenesis
To test if osteogenic differentiation and cell cycle progression are mechanistically connected within NCM, we attempted to modify the stage at which NCM transitions from proliferation to differentiation by transiently over-expressing D-type cyclins. D-type cyclins promote proliferation, and over-expression has been sufficient to alter the timing of differentiation or cell fates in other systems (Lobjois et al., 2004) . We first analyzed endogenous cyclin D1 protein expression from HH24-HH30, which spans the onset of osteoblast differentiation. Like the stable expression of p27 protein observed during these stages ( Figure 6F ), we found that endogenous quail cyclin D1 protein levels were also relatively constant ( Figure 7A ). We electroporated a combination of two bicistronic constructs containing mouse cyclin D1 plus enhanced Green Fluorescent Protein (eGFP), and mouse cyclin D2 plus eGFP, into the presumptive NCM of HH8 quail. This resulted in the transient over-expression of these genes throughout early development until HH18. Thereafter, we determined that the exogenous (i.e., mouse) cyclin D1 levels were decreased to endogenous (i.e., quail) levels by HH24. This phenomenon was likely due to the normal rate of dilution for this type of electroporated construct (Swartz et al., 2001 ) and thus, high eGFP expression was observed visually at HH18, much less at HH21, and not at all by HH24 ( Figure 7B , C, and data not shown). this experimental design enabled us to generate an artificial transition from elevated to decreased levels of cyclin D1/D2 by HH24, which is the same stage at which we observed the accelerated transition from proliferation to differentiation in chimeric quck and premature expression of Runx2. Similarly, in our electroporated embryos collected at HH24, we found that the premature decrease in exogenous cyclin D1/D2 expression correlated with large and premature increases in Runx2 (5-fold) and Col1a1 (3-fold) expression at a stage when these genes are normally expressed at low levels ( Figure 7D ). In contrast, Runx2 and Col1a1 were only expressed at low levels while exogenous cyclin D1/D2 expression was high at HH18 ( Figure 7D ). Therefore, by artificially elevating and then decreasing D-type cyclin levels before osteogenesis would normally occur, we were able to drive early up-regulation of Runx2 and Col1a1, and mimic the effects of quail donor NCM in a duck host, which also showed a 5-fold increase for Runx2 and a 3-fold increase for Col1a1 ( Figure 5E and 5G).
Timing and levels of Runx2 expression affect beak size
To understand the consequences of premature Runx2 up-regulation, as observed in our chimeric transplant and cyclin D1/D2 over-expression experiments, we used an avian retrovirus (RCAS) to over-express Runx2 (or GFP in controls) continuously in the beak primordia of chick embryos. We infected embryos at HH8 (either bilaterally or unilaterally), and thus, with this experimental design, Runx2 was expressed earlier and at higher levels than normal. Runx2 over-expression was confirmed by in situ hybridization for a viral envelope gene (Env) and Runx2 ( Figure 7E, F) , and RCAS-GFP infection was confirmed visually by epifluorescent microscopy (data not shown). After collecting treated embryos at HH38 and evaluating gross morphology and Alizarin red staining, we observed a dramatic decrease in the size of the beak skeleton ( Figure 7G and H). By examining earlier stages in development, we found this effect on size was already apparent by HH26 (data not shown).
After demonstrating a relationship between Runx2 expression levels and beak size, we investigated whether endogenous levels of Runx2 expression differ between the small-beaked quail and the large-billed duck. When examining stages prior to the overt differentiation of bone in the mandible (HH24-HH32), we found no statistically significant differences in the levels of Runx2 expression between quail and duck ( Figure   7I ). However, by the time osteogenesis progressed to include matrix deposition and mineralization (HH36-HH38), quail Runx2 levels were more than double that of duck (p=0.014). Thus, based on these observations and our experimental data, NCM likely employs Runx2 as a molecular mechanism to affect the size of the beak skeleton.
DISCUSSION
Timing of osteogenesis is a key mechanism in the evolution of skeletal size
An understanding of how birds have achieved such tremendous evolutionary variation in their craniofacial skeletons has come about gradually through a variety of experimental approaches. Fate-mapping studies first revealed that all of the skeletal elements of the jaws and face are derived from NCM (Cerny et al., 2004; Couly et al., 1993; Köntges and Lumsden, 1996; Le Lièvre and Le Douarin, 1975; Noden, 1978; Noden and Schneider, 2006; Schneider et al., 2001) . Transplant experiments then demonstrated that NCM is the source of species-specific patterning information that not only regulates the growth of its own derivatives, but also that of surrounding structures Schneider, 2005, 2008; Merrill et al., 2008; Schneider and Helms, 2003; Solem et al., 2011; Tokita and Schneider, 2009; Tucker and Lumsden, 2004) .
Additionally, other work has shown that NCM relies upon and is highly responsive to signals in the local environment that affect gene expression and also provide input on the axial orientation, identity, size, and shape of the beak skeleton (Abzhanov et al., 2006; Abzhanov et al., 2004; Barlow et al., 1999; Barlow and Francis-West, 1997; Couly et al., 2002; Foppiano et al., 2007; Francis-West et al., 1998; Francis-West et al., 1994; Marcucio, 2009a, b, 2012; Hu et al., 2003; Jeong et al., 2004; Shigetani et al., 2000; Wedden, 1987; Wu et al., 2006; Wu et al., 2004) . But what has remained elusive are the precise molecular and cellular mechanisms through which NCM carries out what is undoubtedly a very complex task, which is providing species-specific patterning information to the craniofacial skeleton with great precision for proper function in established niches, but also with maximal plasticity for evolution in response to fluctuations in the natural environment.
Our results suggest that NCM provides species-specific patterning information to the craniofacial skeleton, especially in relation to size, by controlling the timing of key events during bone formation. Following transplantation, quail donor NCM maintains its faster timetable for development within the slower environment of the duck host and autonomously executes molecular and cellular programs for each step of osteogenesis, from induction to mineralization. This capacity holds true both in reverse and in the extreme, as evidenced by chimeric duail and qumu, respectively. Thus, NCM functions as the timekeeper that determines when osteogenesis begins during development.
Moreover, we show that the temporal control that NCM exerts over this process appears closely tied to its ability to regulate cell cycle progression in a stage-and speciesspecific manner. Ultimately, this mechanistic link between cell cycle and osteogenesis may empower NCM with the ability to generate changes in skeletal size during evolution.
The ability of NCM to exert its effects on osteogenesis occurs at the population level and notably, the number of transplanted cells does have varying effects on the penetrance of the chimeric phenotype (Lwigale and Schneider, 2008) . Chimeric embryos used in our study likely contained greater than 60% of transplanted cells in the region of interest, and this percentage was determined empirically by screening chimeric cases using a variety of criteria (Ealba and Schneider, 2013) . However, we also find that small populations of transplanted quail donor cells can give rise to isolated pockets of prematurely elevated Runx2 expression that coincides with lower BrdU staining (data not shown). This phenomenon further demonstrates that cell cycle progression, Runx2 expression, and ultimately, osteogenesis are controlled cellautonomously within the NCM.
The local and systemic environments play a permissive role during osteogenesis
Craniofacial bones are highly vascularized and blood vessels infuse essential systemic components. The process of vascular invasion during intramembranous ossification has seldom been addressed experimentally (Thompson et al., 1989) .
Pericytes, which are derived from NCM, participate in the genesis and maintenance of blood vessels by providing smooth muscle, by responding to angiogenic factors, by modulating vascular permeability, and by guiding vasculogenesis (Bergers and Song, 2005; Betsholtz et al., 2005; Chantrain et al., 2006) . Little is known about mechanisms through which osteogenic mesenchyme, pericytes, and vascular endothelium interact.
Part of our study was designed to address the capacity of NCM to regulate the timing of vascular invasion. In other words, we asked does quail NCM recruit a premature blood supply in duck hosts? We conclude that the donor NCM does not accelerate the timing or extent of blood vessel formation. However since we simply quantified volume, our analyses do not allow us to make a determination as to whether the vasculature shows a species-specific pattern. Thus, we cannot rule out the possibility that there are spatial differences in the organization of vasculature between quail and duck, and that the donor NCM may influence this pattern in chimeras. We presume that there are indeed species-specific differences in the pattern of the vasculature given differences in the size and shape of the jaws and specifically, the bony skeleton between quail and duck.
Similarly, our experiments also did not reveal any effects of NCM on the levels of circulating minerals required for osteogenesis. In birds, the calcium that helps mineralize bone comes from the eggshell (Tuan, 1987) . In our chimeric system, calcium and inorganic phosphates, which largely comprise apatite crystals, originate from the host blood (Tuan and Nguyen, 1987) . Quck maintained levels similar to those observed in control embryos despite their accelerated timetable for mineralization. Thus while NCM initiates and synchronizes each of the steps of bone formation including osteogenic induction, proliferation, differentiation, matrix deposition, and mineralization, the systemic environment appears to be relatively permissive and simply supports osteogenesis independently by providing circulating minerals and a vascular network.
Species-specific differences in cell cycle regulators may underlie beak evolution
At early stages of beak development, the mandibular primordium is largely composed of highly proliferative mesenchyme. However, at the onset of osteogenesis, a subset of these mesenchymal cells take on osteoblast fates, simultaneously decreasing their proliferative capacity and increasing the expression of genes that regulate and encode proteins for bone matrix synthesis (Aubin, 1998; Barlow et al., 1999; Barlow and Francis-West, 1997; Francis-West et al., 1998; Francis-West et al., 1994; McGonnell et al., 1998; Merrill et al., 2008; Stein et al., 1996) . At the level of the cell cycle, the transition from proliferation to differentiation is regulated at a checkpoint between the G1 and S phases. G1 arrest allows further differentiation, whereas progression past G1 into S phase allows continued cell cycling and proliferation. This G1-S phase transition is highly regulated by cyclin E (Smith et al., 1997; Smith et al., 1995; Stein et al., 2006; Welcker and Clurman, 2005) .
One of the unexpected differences in cell cycle regulation that we observed between species is the expression pattern of cyclin E in the mandible. Quail mandibles consistently showed heavy cyclin E post-translational modification at all stages studied.
In contrast, we observed a single dominant cyclin E band in duck samples at all stages examined. This difference holds true and is clear in chimeras where both speciesspecific states can be observed in the same sample. Given the strong conservation of cyclins among highly disparate taxa (Swenson et al., 1986; Truman et al., 2001 ), we were surprised by such differences in cyclin regulation within birds. Our data support the possibility that differences in the expression or post-translational processing of even one cell cycle regulator may greatly impact species-specific adaptive evolution. For example, lower levels of functional cyclin E may serve as a mechanism by which species such as quail can dampen mesenchymal proliferation and form a fasterdeveloping, and ultimately, smaller beak.
Our results also suggest that species-specific cell cycle regulation may be linked to size through p27 up-regulation in quail during osteogenic differentiation (versus no apparent change in duck at the same stages), and an earlier decline in cyclin B1. There are numerous studies correlating p27 and size. The most telling involve p27-deficient mice, which are significantly larger than their wild-type littermates, yet with no overt defects in skeletal development (Drissi et al., 1999) . Apparently in birds, the developing duck frontonasal process (FNP) has a lower p27 level than in chick, although a possible connection to size has not been discussed previously (Powder et al., 2012) .
Interestingly, in comparing the single isoform-dominated p27 expression pattern in our mandibular samples to the doublet pattern observed in the FNP, we also characterized what appears to be a tissue-specific post-translational regulation of p27, which has been previously described in other systems (Hirano et al., 2001; Zhang et al., 2005) .
Thus, modulation of p27 may be a mechanism for tissue-specific increases in size and/or overall growth.
NCM employs Runx2 to control the size of the craniofacial skeleton
In addition to species-specific cell cycle regulation, we also find species-specific regulation of Runx2. Runx2 is often considered a master regulator of osteogenesis since its expression is necessary for bone formation, is sufficient to drive osteoblast differentiation, controls the timing of mineralization, and affects skeletal size (Ducy et al., 1999; Ducy et al., 1997; Eames et al., 2004; Galindo et al., 2005; Komori et al., 1997; Maeno et al., 2011; Otto et al., 1997; Pratap et al., 2003; Thomas et al., 2004) . However, a mechanism by which Runx2 regulates the timing of osteogenesis in vivo and also relates to species-specific patterning has not been described previously. Here, by transplanting NCM from faster-developing quail into slower developing duck, we identify Runx2 as a critical player in both the NCM-dependent timing of osteogenesis, and in the developmental growth and size of the craniofacial skeleton. As osteogenesis proceeds, mandibular Runx2 levels of the small-beaked quail rise to more than double those of the large-billed duck. By experimentally elevating levels of Runx2 during development we were able to decrease the size of the beak skeleton, and in effect mirror the relationship between species-specific beak size and endogenous Runx2 levels. Other studies have also drawn correlations between predicted Runx2 expression levels and facial length such as in adult dogs and Carnivora (Fondon and Garner, 2004; Sears et al., 2007) . Taken together, these data suggest that NCM may be able generate a range of skeletal element sizes and morphologies in part by temporally controlling cell cycle in conjunction with cell differentiation through highly regulated transcription factors such as Runx2. Thus, our study offers a functional mechanism in an in vivo model that links the regulation of the cell cycle and osteogenesis with Runx2 expression levels and species-specific skeletal size.
There are many reasons to suspect that NCM controls cell cycle progression and the timing of osteogenesis through tightly interwoven processes. For example, our experiments whereby we over-express D-type cyclins as a means to manipulate cell cycle progression, result in dramatic early up-regulation of Runx2. Despite the upregulation of Runx2 (and Col1), we did not observe any overt morphological phenotype (like asymmetries) in the mandibles at early stages (HH24 and HH27), which we can clearly observe by equivalent stages in quck chimeras and in embryos where we overexpress Runx2. This indicates that transient cyclin D1/2 overexpression by itself is not sufficient to alter jaw morphology. Nonetheless, we believe the finding that D cyclins when mis-expressed in vivo can affect the expression of an osteogenic differentiation and mineralization factor (i.e., Runx2), is significant. Based on this result, we then asked what are the morphological consequences of prematurely over-expressing Runx2? Our results show that the timing and levels of Runx2 have a direct effect on the size of the craniofacial skeleton.
In vitro studies have also shown that Runx2 can both respond to and modulate cell cycle progression. For example, Runx2 mRNA and protein levels increase with entry into G1 arrest due to cell density dynamics or serum starvation, but Runx2 can also promote cell cycle exit through direct and indirect mechanisms, including repressing rRNA synthesis, and up-regulating p27 expression (Galindo et al., 2005; Pratap et al., 2003; Thomas et al., 2004; Young et al., 2007) . Further, calvarial osteoblasts from Runx2-deficient mice have diminished stringency of cell growth control, but this defect can be rescued by re-introduction of exogenous Runx2 (Pratap et al., 2003) .
Modularity and plasticity in the osteogenic program promote beak evolution
The implications of our results can be explained through various possible scenarios that would enable NCM to relate cell cycle and the species-specific timing of osteogenesis to the evolution of the craniofacial skeleton. These scenarios involve potential changes to the balance between proliferation and differentiation during a critical phase of osteogenesis, which is condensation. In general, osteogenic condensations are composed of mesenchymal cells, densely packed among a glycoprotein-rich extracellular matrix that facilitates the local signaling necessary for osteoblast differentiation (Ettinger and Doljanski, 1992; Hall, 1980; Hall and Miyake, 1992, 1995) . Condensation size, shape, and location are all sources of morphological variation in development and evolution (Atchley and Hall, 1991; Dunlop and Hall, 1995; Hall and Miyake, 2000; Smith and Schneider, 1998; Smith and Hall, 1990) . Based on our experiments, we would argue that in absolute time, earlier osteogenic condensations may produce smaller skeletal elements in birds such as quail. In our quck chimeras and in our D-type cyclin gain-of-function experiments, we altered the time course of cell cycle progression, which presumably allowed NCM to reach a critical threshold of condensation sooner and initiate osteogenic differentiation earlier as manifest by premature Runx2 expression. Such earlier osteoblast commitment would reduce the number of proliferating cells and lead to smaller overall skeletal size. This is also confirmed by our Runx2 over-expression experiments that reduced beak size.
Likewise, our data further suggest that NCM in species such as duck continues to proliferate more slowly and expand in size for relatively longer periods of time, which ultimately can translate into larger skeletal elements. When comparing quail and duck cell cycle regulation, we find that the quail suppresses proliferative signals, and shows more apparent signs of cell cycle exit. In contrast, the duck supports continued growth along with prolonged differentiation, and achieves a larger overall beak size. An additional scenario is that quail and duck NCM may have intrinsically different responses to signals in adjacent epithelia that affect differentiation and growth.
Homologous skeletal condensations between species or condensations from distinct anatomical structures within the same organism (e.g., wing versus leg), can arise via unique proliferative zones that are established and/or maintained by epithelial signals such as BMPs, FGFs, and SHH (Abzhanov et al., 2006; Abzhanov et al., 2004; Downie and Newman, 1995; Foppiano et al., 2007; Hu and Marcucio, 2009b; Jheon and Schneider, 2009; Schneider, 2007; Shigetani et al., 2002; Sinervo, 2005; Wu et al., 2006; Wu et al., 2004; Young et al., 2010) . In all likelihood, each of these scenarios may play a role in providing NCM with the ability to control species-specific size in the craniofacial skeleton.
Overall, our experiments not only reveal that NCM autonomously regulates cell cycle progression and the timing of osteogenic differentiation, but they also indicate that cell cycle and osteogenesis are inexorably linked as a developmental module in vivo as they are in vitro. The ability of NCM to control and coordinate shifts in timing to both processes, combined with a generally permissive environment provided by surrounding non-NCM derived tissues, such as vasculature, may generate the developmental plasticity necessary for the rapid evolution of beak size and shape. By enabling the osteogenic program to be executed autonomously even in temporally and spatially altered developmental contexts (such as that encountered in the duck or emu host systems) modularity may be an essential element for enhancing the evolvability of the beak (Schneider, 2005) . In particular, as part of this highly integrated module, Runx2 not only appears to function as master regulator of osteoblast differentiation, but also affects the timing of events during osteogenesis, which in turn influences the size of skeletal elements. Moreover, the finding that Runx2 expression levels are responsive to changes in cell cycle raises the possibility that signaling events surrounding metabolic outcomes relevant to fitness and survival, such as nutrient availability, may influence the rate of growth and morphology of the facial skeleton during development. Finally, the fact that Runx2 is expressed at species-specific levels that are implemented autonomously by NCM illuminates how NCM may serve as a conduit for generating phenotypic variation during craniofacial evolution. between quail and duck at stages prior to the differentiation of bone in the mandible (HH24-HH32) whereas during matrix deposition and mineralization (HH36-HH38), the differences between Runx2 levels are significant, with quail more than double that of duck (p=0.014). Quantitative data represent the mean ± SEM. *, p≤ 0.05.
